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Anthropometry-based equations overestimate the urea distri- In chronic hemodialysis patients, a low dietary protein
bution volume in hemodialysis patients. intake (DPI) is associated with malnutrition and an in-
Background. Protein intake in hemodialysis patients can be creased risk for morbidity and mortality. Therefore, mon-estimated indirectly from the protein equivalent of total nitro-
itoring of protein intake in hemodialysis patients hasgen appearance (PNA) during the interdialytic period. A reli-
able estimate of the patient’s urea distribution volume (UDV) become an important issue [1, 2].
is required to assess protein intake from PNA values. UDV values Dietary protein intake can be assessed directly from
are derived frequently from simple anthropometric equations. food records. However, for a reliable estimate of proteinMethods. UDV values based on anthropometric methods were
intake, cooperation of the patients for at least one weekcompared with UDV values determined by direct dialysate
is necessary [3, 4], and the calculation of protein intakequantitation (DDQ) in 54 stable chronic hemodialysis patients.
The anthropometric methods included the following: the Wat- from food records is time consuming. More frequently,
son equations (WAT), a fixed proportion of postdialysis body DPI is estimated indirectly from the protein equivalentweight, 58% for males and 55% for females (% body wt),
of total nitrogen appearance (PNA), formerly calledand skinfold thickness measurements (SFT). Postdialysis blood
PCR. If the patient is in steady state with regard to hissamples were drawn at 15-minutes postdialysis.
Results. UDVWAT and UDVSFT overestimated UDVDDQ by protein metabolism, it is assumed that the urea nitrogen
about 8 L [limits of agreement (LOA): 2.6 to 14.2 L] in males appearance between two dialysis sessions is linearly re-
and about 6 L (LOA: 20.8 to 12.4 L) in females. The overesti-
lated to the protein intake during that interdialytic inter-mation by UDV%BW was even larger: 10.5 L (LOA: 2.0 to 19.0 L)
val [5]. Urea nitrogen appearance can be calculated fromin males and 11.1 L (LOA: 2.1 to 20.1 L) in females. The dif-
ference between UDV%BW and UDVDDQ correlated with the the interdialytic rise in plasma urea concentration and
percentage of body fat (r 5 0.57) and body mass index (r 5 the patient’s urea distribution volume (UDV) [6]. Equi-
0.48). In a subgroup of seven patients, UDV was also determined
librated postdialysis plasma samples are required forby dilution (DIL) of the stable isotope [13C]urea. UDVWAT
obtaining valid UDV and PNA values since the ureaand UDV%BW overestimated UDVDIL significantly. In contrast,
UDVDDQ was significantly smaller than UDVDIL, even after concentration rebounds after the dialysis because of the
correction for incomplete postdialysis equilibration. PNA val- multipool nature of the UDV [7–11].
ues calculated using the various UDV estimates were compared
To assess the protein intake from PNA measurementswith dietary protein intake (DPI) assessed from food records.
reliably, accurate values of the patient’s UDV are re-PNADDQ (61 6 10 g/day) did not differ significantly from DPI
(63 6 13 g/day), but the agreement in individual patients varied quired. Most frequently, UDV values are derived from
considerably (LOA, 224 to 20 g/day). Anthropometric-based simple anthropometric equations that estimate total
PNA values overestimated DPI by 8 to 16 g/day.
body water [6, 12–14]. However, these equations haveConclusions. Anthropometry-based equations overestimate
been derived from healthy populations and may not beUDV values in hemodialysis patients, leading to an overestima-
tion of PNA values. Although PNA measurements by DDQ ap- valid in hemodialysis patients. In addition, the validity
pear to be more reliable for assessing protein intake, PNADDQ of these anthropometrically derived UDV values may
values should be interpreted with caution in individual hemo-
be reduced in individual patients because of deviationsdialysis patients.
in body composition. Dilution of an urea isotope is con-
sidered to be the gold standard for assessing the UDV,
Key words: urea kinetic modeling, direct dialysate quantification, di-
but this technique is not suitable for clinical practiceetary protein, nitrogen in protein, dialysis, body weight, protein equiva-
lent of total nitrogen appearance. [15, 16]. Urea kinetic modeling combined with quantita-
tion of urea in spent dialysate is considered to be the mostReceived for publication December 30, 1999
accurate kinetic method for assessing UDV in individualand in revised form October 2, 2000
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is laborious, since accurate timing, multiple accurate Sampling and laboratory analysis
biochemical measurements, and dialysate sampling are Urea kinetic modeling combined with continuous par-
required. Recently, automatic online monitoring of the tial dialysate sampling was performed during three mid-
urea concentration in spent dialysate, from which PNA week hemodialysis sessions four weeks apart. Blood sam-
and UDV can determined more simply, has become ples were drawn in heparinized tubes from the fistula
available [18]. immediately before starting the dialysis, at 15 minutes
We compared UDV values derived from commonly after termination of the dialysis, and before the next
used anthropometric equations to UDV values based on dialysis session. As we previously found no significant
the DDQ technique in a large group of stable chronic difference between PNA values using blood samples ob-
hemodialysis patients who participated in a prospective tained at 15- and 60-minutes postdialysis, we felt that a
study on hemodialysis adequacy and nutrition. In all 15-minute equilibration period was considered the best
patients, DPI determined from food records was com- compromise between urea rebound and patient compli-
pared with PNA values that were calculated using the ance for obtaining equilibrated postdialysis blood sam-
different UDV values. In subgroups, we performed addi- ples [7].
tional experiments to validate our DDQ technique. Fourteen patients had a urine production of more than
200 mL per 24 hours. These patients collected 24-hour
urine on the day before the modeled dialysis session.METHODS
Renal urea clearance was calculated from the 24-hourPatients, hemodialysis treatment, and protein diet
urinary urea output and the time-averaged urea concen-
The patients participated in a Dutch multicenter study tration.
on hemodialysis adequacy and nutrition [Groningen Dialysate urea output was measured with continuous
Utrecht Dialysis and Diet Study (GUDDS)] and were partial dialysate sampling as described in detail else-
recruited from five dialysis centers in the Netherlands. where [4, 7]. For the single-pass dialysis machines, dialy-
The patients were asked to participate in the study if they
sate was drawn with a modified infusion pump set at a
had been treated by hemodialysis three times weekly for
constant rate (10 mL/h) from a T-tube connected to theat least three months, had a residual renal clearance
outlet of the dialyzer. The pump was started and switchedlower than 3 mL/min, and were in a stable clinical condi-
off at the start and termination of the dialysis procedure.tion without hospitalizations in the preceding three
The duration of the dialysate collection was correctedmonths. Patients with diabetes mellitus, active systemic
for bypass time. Dialysate flow rate was measured by adiseases, or known malignancies were excluded. The
30-minute timed collection during zero ultrafiltration,study was approved by the medical ethical committee of
509 6 37 mL/min (Gambro AK10) or set at 500 mL/minthe participating centers, and all patients gave informed
(Gambro AK100 and Cobe Centri 3). Total dialysateconsent for participation.
volume was calculated by multiplying the duration ofFifty-four patients (37 males and 17 females) were
dialysate collection by the dialysate flow rate. The Moni-included in the study. None of the included patients had
tral SC machines were adapted for dialysate collection asovert edema. The patients were dialyzed three times
described previously (abstract; Nephrol Dial Transplantweekly using three types of single-pass dialysis machines
8:275, 1992) [4]. A fixed-volume sample was collected(Gambro AK-10, N 5 10; AK-100, N 5 27; Cobe
during every transfer, and the total number of transfersCentri 3, N 5 4) and one type of dialysate recirculation
was recorded. Total dialysate volume was calculated bymachine (Hospal Monitral SC, N 5 13). Each individual
multiplying the total number of transfers by the transferpatient was dialyzed on only one type of dialysis machine.
volume that was carefully measured before the start ofAll patients had a peripheral access, in most cases an
the study. At the end of the dialysis session, the collectedarteriovenous fistula. The patients were dialyzed for 3
dialysate was thoroughly mixed, and dialysate samplesto 4.5 hours per dialysis session, and blood flow was set
were stored at 2208C until analysis. Continuous partialindividually at a constant rate of 200 to 300 mL/min. All
dialysate sampling was combined with total dialysatepatients were dialyzed using bicarbonate-based dialysate
collection in 10 patients to check the validity of the totalat a flow of 500 mL/min on low-flux (KUF , 10 mL/
amount of urea removed during dialysis as determinedL/mm Hg) dialyzers with low complement activation.
by the partial dialysate sampling technique. Total ureaBody weight was measured within 0.1 kg before and
output determined by continuous partial dialysate sam-after the dialysis. Delivered Kt/V was calculated using
pling (588 6 166 mmol) was very similar to that de-the equation proposed by Daugirdas [19].
termined by collection of all spent dialysate (584 6A diet containing 0.9 to 1.0 g/kg ideal body wt/day
167 mmol), confirming earlier data [7].protein was prescribed to the patients. Patients were
Urea concentrations in plasma and urine were deter-encouraged not to change their protein intake from four
weeks prior to the study and during the study period. mined on the same day using an autoanalyzer (Kodak
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Ektachem, Rochester, NY, USA). Predialysis and post- dietary diary using household measures. The patients
were instructed to take the measures of daily used uten-dialysis samples were analyzed in one run. The coeffi-
cient of variation (CV) of the measurement error of sils before they started recording. After one day of re-
cording, the diary was checked by 24-hour recall, andthe urea analysis was approximately 2%. Plasma urea
concentrations were converted to concentrations in instructions were repeated if necessary. The patients
were encouraged not to change their usual dietary habitsplasma water by dividing the measured values by 0.93
[20]. The urea concentration in dialysate was measured and were assured that the dietary record was not meant
to check their adherence to the prescribed diet. Thewith the same method that was used for measuring the
urea concentration in plasma. Since these methods were recorded intake was analyzed using a nutritional data-
base (BECEL-EXTRA, version 5, 1995; Unilever Re-not calibrated for dialysate, we prepared calibration mix-
tures of urea in dialysate covering a range of 3.0 to search Laboratory, Vlaardingen, The Netherlands). The
dietitians contacted the patients if the food records were8.0 mmol/L. The calibration lines of the applied methods
were linear in this range (r 2 . 0.99). Patient dialysate not totally clear.
samples were analyzed in duplicate in one run with the
Additional experiments to validate thecalibration mixtures.
DDQ technique
Urea distribution volume measurements To evaluate the validity of the UDV values deter-
mined by the DDQ technique, we performed four addi-The UDV was determined using DDQ and three dif-
ferent anthropometric methods during all three midweek tional experiments. These experiments were performed
in subsets of patients that were included in the study.hemodialysis sessions. Mathematical details are given in
the Appendix. First, the stability of urea in the collected dialysate
was tested. The urea concentration in the dialysate ofUDVDDQ was calculated from the urea output in spent
dialysate and the decrease in plasma water urea concen- nine patients was determined immediately after termina-
tion of the monitored dialysis at three, six, and eighttration during the modeled dialysis session using the
direct dialysate quantitation (DDQ) method. A correc- hours after collection, while dialysate was kept at room
temperature, and after storage of a sample at 2208C fortion was made for urea appearance and ultrafiltration
[4, 7]. UDVWAT was estimated from the formulae pro- four to eight weeks.
Second, the assumption that a 15-minute equilibrationposed by Watson, Watson, and Batt [12]. UDV%BW was
estimated from a commonly used fixed percentage of period was sufficient to obtain equilibrated plasma urea
samples was tested. In 18 patients (13 males and 5 fe-postdialysis body weight (58% for males and 55% for
females) [6]. Finally, UDVSFT was calculated from fat- males), the equilibrated postdialysis plasma urea concen-
tration was calculated according to the Smye equationfree body mass determined by skinfold thickness (SFT)
measurements according to the method described by (Usmye) and compared with the urea concentration at
15-minutes postdialysis (U15min). In the Smye equation,Durnin and Womersley [13]. The SFT was measured
postdialysis at four sites (biceps, triceps, subscapular, the equilibrated urea concentration is calculated from
predialysis and postdialysis plasma samples, and an addi-supra iliac) using a Harpenden skinfold caliper (British
Indicators Ltd., UK). Biceps and triceps SFT was mea- tional intradialysis plasma sample was obtained at one
third into dialysis [8]. The intradialysis and postdialysissured at the opposite arm of the AV fistula. All measure-
ments were performed by one observer (W.D.K.). plasma samples were taken from the arterial line after
slowing the blood flow to 50 mL/min for 15 to 20 secondsUDVSFT was calculated by multiplying fat-free mass by
the hydration factor of 0.73 [14]. in order to avoid the effects of access recirculation.
Third, the DDQ method was combined with online
PNA and dietary protein intake measurements monitoring of the urea concentration in spent dialysate
using an automatic urea sensing monitor (Urea MonitorProtein equivalent of total nitrogen appearance was
calculated from the urea nitrogen appearance (UNA) 1000; Baxter Healthcare Corporation, McGaw Park, IL,
USA) in 10 patients. The dialysate urea monitor provedduring the three interdialytic intervals and was corrected
for unmeasured nitrogen losses (45 mg protein per kg to be a reliable method for quantitating dialysis adequacy
[18]. The urea monitor was calibrated before every dial-actual body weight per day) [6]. The use of the different
UDV values resulted in four PNA values: PNADDQ, ysis session. To determine a predialysis urea plasma wa-
ter concentration, the dialysis machine was placed inPNAWAT, PNA%BW, and PNASFT.
Dietary protein intake (DPI) was assessed by self- bypass, while continuing ultrafiltration for seven minutes
at a rate of 0.5 L/h with the blood pump running. Afterrecording of food intake during seven consecutive days,
starting on the day before the second modeled dialysis the equilibration period, the urea concentration in the
dialysate sample is equal to the plasma water concentra-session. The patients were carefully instructed by a
trained dietitian to record their total oral intake in a tion of the blood. During the dialysis, urea concentration
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Table 1. Characteristics of the studied patientsin dialysate was measured every 10 minutes. UDVUM and
PNAUM are calculated from the decline in dialysate urea Males Females Total
(N537) (N517) (N554)concentration.
Age years 56616 58612 56615Finally, the UDV in seven male patients was deter-
Height cm 17766a 165610 17369mined by urea isotope dilution using the stable isotope
Body weight kg 75.1610.1a 66.768.4 72.5610.3
[13C]urea. Urea dilution is the gold standard for de- Body mass index kg/M2 23.963.0 24.865.0 24.263.7
Total body fat % 23.665.9a 35.564.2 27.467.8termining the UDV and has been used in hemodialysis
Fat free mass kg 56.964.8a 42.864.5 52.568.1patients before [15]. Our isotope dilution technique has
Kt/V 0.9460.12a 1.0460.15 0.9760.14
been described in detail elsewhere [16]. In short, the pa- TD min 234623a 218626 229625
Blood flow rate mL/min 243632 236648 241637tients received an intravenous dose of 48 mg of [13C]urea
after an overnight fast. Blood samples for measuring of Values are mean 6 SD.
a P , 0.05 vs. femalesthe molar percentage excess of [13C]urea were drawn
before [13C]urea injection and at regular intervals over
a four-hour period. After complete distribution of the
injected [13C]urea, the change over time of the natural RESULTS
logarithmic value of the molar percentage excess of
Characteristics of the studied patients are listed in[13C]urea followed a straight line with a negative slope.
Table 1. Total body weight and fat-free mass in malesThe UDVDIL could be determined from the intercept of
were significantly greater than in females. Kt/V wasthe extrapolated line, the amount of injected [13C]urea,
lower in males compared with females, while the dura-and the plasma water urea concentration. UDVDIL was
tion of the dialysis session was longer.compared with UDVDDQ, UDVWAT, and UDV%BW.
All three anthropometric-based UDV values overesti-
mated UDVDDQ in both males and females (Table 2). InError analysis of UDVDDQ
males, the measurement bias of UDVWAT, 26% (95% CI,As UDVDDQ is calculated from various variables (Ap-
23 to 30%), was similar to that of UDVSFT, 26% (95%pendix), the accumulation of measurement errors in the
CI, 23 to 30%). The bias of UDV%BW was larger, 32%different determinants might cause errors in the UDVDDQ
(95% CI, 28 to 37%). In females, the bias of UDVWAT,values. Determination of UDV from DDQ is especially
26% (95% CI, 20 to 33%), was comparable to that ofsensitive to the total amount of collected dialysate, calcu-
UDVSFT, 24% (95% CI, 17 to 31%) as well. The bias oflated from the dialysate flow rate and collection time, to
%BW was 45% (95% CI, 35 to 55%). Although UDVWATthe dialysate urea concentration, and to the postdialysis
(r 5 0.80, P , 0.001), UDV%BW (r 5 0.66, P , 0.001), andplasma urea concentration. We performed a sensitivity
UDVSFT (r 5 0.82, P , 0.001) correlated with UDVDDQ,analysis of the UDVDDQ calculation using mean values
the limits of agreement were rather large, especially forof the UDVDDQ determinants observed in male and fe-
UDV%BW (Table 2 and Fig. 1).male patients. Residual renal clearance was ignored in
To analyze whether the observed differences betweenthe analysis.
UDVDDQ and the anthropometric-based UDV values were
Statistical analysis related to variations in body composition, the intermethod
differences expressed as percentage of UDVDDQ were cor-Results are presented as mean 6 SD or as mean with
related to percentage of total body fat (Fig. 2) and body95% confidence interval (95% CI). The three UDV and
mass index, an index of relative obesity. In the totalPNA values that were available for every patient were
group, the difference between UDV%BW and UDVDDQaveraged in order to increase the reliability of the results
correlated both with the percentage body fat (r 5 0.57,[4]. Daily DPI was averaged for the whole week. Within-
P , 0.001) and body mass index (r 5 0.48, P , 0.001).subject CV was defined as SD/mean 3 100%. The aver-
In the male patients, the difference between UDV%BWaged values were used in the intermethod comparisons.
and UDVDDQ correlated with percentage body fat (r 5Intermethod comparison was performed using Fried-
0.63, P , 0.001) and body mass index (r 5 0.53, P , 0.01)man’s two-way analysis of variance (ANOVA) and two
as well. In the female patients, the difference betweengroup comparisons using Wilcoxon matched-pairs non-
UDV%BW and UDVDDQ only correlated with body massparametric tests. Measurement bias was defined as the
index (r 5 0.53, P , 0.05). This indicates that the errordifference between the PNA and UDV values based on
in estimating UDV using %BW increases with an in-anthropometrics and those based on DDQ. Limits of
crease in percentage body fat and obesity, especiallyagreement (LOA) were defined as 6 2 SD limits about
in male patients. The differences between UDVWAT orthe mean measurement bias, as proposed by Bland and
UDVSFT and UDVDDQ were not associated with the per-Altman [21]. Correlation was tested with Spearman cor-
centage of body fat or body mass index.relation analysis. A two-sided P value of less than 0.05
was considered statistically significant. Because of the overestimation of UDV by the anthro-
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Table 2. Urea distribution volume measurements
UDVDDQ UDVWAT UDV%BW UDVSFT
Males (N537)
UDV L 33.164.1 41.463.6a 43.665.9a,b 41.563.5a
UDV/body wt % 44.364.8 55.663.9a 58.0a,b 55.764.3a
Bias (95% CI) L 18.4 (7.4–9.3) 110.5 (9.1–11.9) 18.4 (7.5–9.3)
LOA L 12.6 to 114.2 12.0 to 119.0 12.9 to 113.9
Females (N517)
UDV L 25.663.5 32.062.4a 36.764.6a,b 31.463.4a
UDV/body wt % 38.665.2 48.262.9a 55.0a,b 47.263.1a
Bias (95% CI) L 16.4 (4.9–7.8) 111.1 (8.8–13.4) 15.8 (4.1–7.5)
LOA L 10.4 to 112.0 12.1 to 120.1 20.8 to 112.4
Values are mean 6 SD except where noted. Measurements of UDV were by direct dialysate quantitation (DDQ), Watson equation (WAT), fixed percentage of
body weight (%BW), and skinfold thickness measurements (SFT). Bias and limits of agreement (LOA) are in comparison to UDVDDQ.
a P , 0.001 vs. UDVDDQ
b P , 0.01 vs. UDVWAT and UDVSFT
pometric methods, actual protein intake was overesti- mated as hourly Kt/V or K/V (Kt/V divided by TD in
hours) was higher in the female patients (0.34 6 0.05)mated by anthropometric-based PNA values as well
(Fig. 3). PNADDQ in males (65 6 10 g/day) and females compared with the male patients (0.27 6 0.03, P , 0.01).
Comparing the DDQ technique to online urea moni-(52 6 6 g/day) agreed best with DPI (66 6 11 and 55 6
13 g/day, respectively), and the difference did not reach toring in spent dialysate in 10 patients using the urea
monitor revealed no significant differences in UDVstatistical significance. In males, PNAWAT (78 6 11 g/day),
PNA%BW (82 6 13 g/day), and PNASFT (78 6 10 g/day) (UDVDDQ, 37.6 6 5.5 L; UDVUM, 38.9 6 5.3 L) or PNA
values (PNADDQ, 69 6 18 g/day; PNAUM, 68 6 13 g/day).were greater than DPI (P , 0.001). In females PNAWAT
(63 6 6 g/day), PNA%BW (71 6 6 g/day), and PNASFT The anthropometric methods significantly overestimated
the dialysate based PNA values (PNAWAT, 79 6 19 g/day;(62 6 6 g/day) were significantly greater than DPI as
well (P , 0.001). All PNA values correlated with DPI PNA%BW, 83 6 21 g/day) because of an overestimation
of the dialysate-based UDV values (UDVWAT, 43.2 6(PNADDQ, r 5 0.51, P , 0.001; PNAWAT, r 5 0.52, P ,
0.001; PNA%BW, r 5 0.39, P , 0.01; PNASFT, r 5 0.55, P , 3.1 L; UDV%BW, 45.4 6 5.2 L, P , 0.05).
Results of the [13C]urea isotope dilution studies are0.001). In individual patients, the agreement between
PNADDQ and DPI varied considerably, resulting in quite a presented in Table 3. UDVDDQ was significantly smaller
than UDVDIL. In contrast, UDVWAT and UDV%BW over-large limit of agreement of about 224 to 20 g/day (Fig. 4).
estimated UDVDIL significantly. Since incomplete postdi-
Additional validating experiments alysis urea equilibration has a lowering effect on
The urea concentration in spent dialysate measured UDVDDQ values, we corrected the 15-minute postdialysis
immediately following dialysis remained stable during urea concentrations by 3.6% and recalculated UDVDDQ.
the eight hours of preservation at room temperature Values of UDVDDQ increased from 36.4 6 5.4 to 37.3 6
(ANOVA, P 5 0.33). The CV of the urea concentration 5.6. After correction for incomplete postdialysis urea
measurements in the spent dialysate was ,3% in all equilibration, UDVDDQ did not differ significantly from
patients. The urea concentration of dialysate that was UDVDIL (P 5 0.116). In two patients (L.S. and K.D.),
stored at 2208C (4.6 6 0.9 mmol/L) did not differ from the difference between UDVDIL and UDVDDQ was partic-
that measured immediately following dialysis (4.6 6 ularly large. In these patients, ultrafiltration volume dur-
0.9 mmol/L). The mean difference, 0.06 (95% CI, 20.08 ing the modeled dialyses was 3.7 L (5.2% of postdialysis
to 0.2 mmol/L], was negligible. body weight) and 3.5 L (4.6% of postdialysis body
The equilibrated postdialysis urea concentrations weight). In the other patients, ultrafiltration volume was
determined according to the Smye equation (114 6 ,3.1 L (,3.5% of postdialysis body weight).
2.9 mmol/L) were higher than the urea concentrations
Error analysis of UDVDDQat 15-minutes postdialysis (10.8 6 2.8 mmol/L, P , 0.01).
Values of Usmye were 3.6% (95% CI, 21.0 to 8.1%) higher The analysis was performed using the averaged values
of the UDVDDQ determinants in males and females sepa-than U15 min in the 13 male patients and 12.0% (95% CI,
5.1 to 18.8%) higher in the five female patients (P , rately (males: TD, 234 min; TID, 2960 min; UD, 5.1 mmol/L;
W1, 77.0 kg; W2, 75.1 kg; W3, 77.2 kg; U1, 27.6 mmol/L;0.05). Kt/V calculated from predialysis and 15-minute
postdialysis urea concentrations did not differ signifi- U2, 12.5 mmol/L; U3, 27.4 mmol/L; females: TD, 218 min;
TID, 2744 min; UD, 4.6 mmol/L; W1, 68.4 kg; W2, 66.7 kg;cantly between the male (1.07 6 0.17) and female pa-
tients (1.15 6 0.22). However, dialysis efficiency esti- W3, 68.4 kg; U1, 27.9 mmol/L; U2, 11.5 mmol/L; U3,
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Fig. 2. Variation between urea distribution volume (UDV) values
based on direct dialysis quantification (DDQ) and a fixed proportion of
postdialysis body weight (%BW) versus total body fat. The differences
between UDV%BW and UDVDDQ are expressed as a percentage of
UDVDDQ. The difference between UDV%BW and UDVDDQ correlated
with the percentage of body fat, especially in males (total group, r 5
0.57, P , 0.001; males, r 5 0.63, P , 0.001; females, r 5 0.45, P 5
0.07). Symbols are: (d) males; (s) females.
equilibration would increase UDVDDQ by 3.4% (1.1 L).
In the female patients, the observed rise in U2 of 12.0%
(1.4 mmol/L) would increase UDVDDQ by 9.4% (2.4 L).
The within-subject CV of the UDVDDQ measurements
ranged from 0.3 to 25.7% with a median CV of 4.9%.
Prescribed body weight did not change and variation in
postdialysis body weight was small (median CV, 0.5%;
range, 0.07 to 2.7%). The variation in UDVDDQ nor the
values of UDVDDQ differed between the different types
of dialysis machines or between the participating dialy-
sis centers.
Fig. 1. Bland-Altman plots of intermethod differences in urea distribu-
tion volume (UDV) values based on direct dialysis quantification DISCUSSION
(DDQ) and the Watson equations (WAT), a fixed proportion of postdi-
Our study in a relative large group of chronic stablealysis body weight (%BW) and skinfold thickness measurements (SFT).
All three anthropometric methods overestimated UDVDDQ. The limits hemodialysis patients showed that the commonly used
of agreement (LOA) were rather large. Symbols are: (d) males; (s) anthropometric equations overestimate UDVDDQ by 5 tofemales.
10 L or 20 to 40% on average. The degree of overestima-
tion differed greatly from patient to patient. The UDV
values determined by DDQ appeared to be relatively low,
as in a previous study in a smaller group of hemodialysis26.2 mmol/L). The dialysate flow rate was assumed to be
patients [7]. Since the DDQ method depends heavily on500 mL/min. Omitting residual renal clearance, UDVDDQ
the correct determination of the total amount of ureawas 33.8 L in males and 26.1 L in females. A measure-
ment error of four minutes in TD would induce only a removed during the dialysis, we took great care to pre-
vent errors in sampling and analysis of the spent dialy-small error in UDVDDQ of 1.7% in males and 1.9% in
females. An error of only 0.5 mmol/L in UD, however, sate. We did not find a systematic error in the DDQ
method. In addition, we observed the same degree ofwould relate to an error in UDVDDQ of 10.8% in males
and 12.1% in females. A measurement error in the post- within-subject variation in the UDVDDQ measurements
as in other studies [22, 23].dialysis plasma urea concentration also would have a
relatively large impact on UDVDDQ. The observed rise Incomplete postdialysis urea equilibration has a con-
siderable impact on the value of UDVDDQ, as is shownin U2 of 3.6% (0.5 mmol/L) in males due to incomplete
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Fig. 4. Bland-Altman plot of differences between protein equivalent of
total nitrogen appearance determined by direct dialysate quantification
(PNADDQ) and dietary protein intake (DPI). The agreement between
PNADDQ and DPI varied considerably in individual hemodialysis pa-
tients. Symbols are: (d) males; (s) females.
due to incomplete urea rebound at 15-minutes postdial-
ysis. After correction of the postdialysis urea concentra-
tions for incomplete postdialysis equilibration, UDVDDQ
was still lower than UDVDIL, but the difference was no
longer significant. An additional explanation may be that
UDV values determined kinetically during a hemodialy-
sis session may in fact not be the same as UDV values
determined during the interdialytic period, due to com-
partmentalization of urea [11, 24]. Postdialysis urea re-
bound can be correctly explained with these assumptions
[11]. Bowsher et al studied the effect of hemodialysis on
hemodynamics in dogs [24]. In that study, cardiac output
Fig. 3. Boxplots of dietary protein intake (DPI) and protein equivalent decreased significantly compared with predialysis values.of total nitrogen appearance (PNA) values using urea distribution vol-
In addition, blood flow supply to the peripheral compart-umes (UDVs) determined by direct dialysate quantitation (DDQ), Wat-
son equations (WAT), fixed percentage of body weight (%BW) and ment decreased extensively. These hemodynamic changes
skinfold thickness measurements (SFT). Anthropometric-based PNA
were still observed more than two-hours postdialysis.values overestimated actual dietary protein. Shown are the 10th, 25th,
50th, 75th and 90th percentiles. *P , 0.001 vs. DPI; †P , 0.001 vs. The authors hypothesized that during dialysis blood flow
PNADDQ; ‡P , 0.001 vs. PNAWAT and PNASFT. is redistributed away from skeletal muscle trapping urea
in the peripheral compartment. These dialysis-induced
hemodynamic changes may be partly responsible for the
tendency to lower UDVDDQ values compared with UDV-in the error analysis. Since postdialysis urea rebound takes
DIL values. Possibly, a high ultrafiltration level might aug-about 30 to 60 minutes to complete [7, 9–11], we probably
ment these hemodynamic changes, as the difference be-underestimated UDVDDQ by using 15-minute postdialysis
tween UDVDDQ and UDVDIL values was largest in theurea concentrations, especially in the female patients.
patients with the highest level of ultrafiltration. It cannotThis may be related to the higher dialysis efficiency ex-
be excluded that part of the interdialytic rise in ureapressed as K/V in female patients [10]. If the measured
concentration during the hours following hemodialysis15-minute postdialysis urea concentrations were corrected
is due to urea redistribution. Interestingly, the anthropo-for incomplete equilibration, UDVDDQ increased from
metric equations significantly overestimated UDVDIL.33.1 to 34.2 L in males and from 25.6 to 28.0 L in females.
Our results confirm data in peritoneal dialysis patientsAfter this correction, UDVDDQ is still significantly smaller
[25]. In these patients, the anthropometric equationsthan the anthropometric-based UDV values.
overestimated total body water determined by deute-To our knowledge, this is the first study that compared
rium oxide dilution. The Watson equations are mainlyDDQ to urea isotope dilution that can be considered
based on isotopically labeled water and antipyrine dilu-as the gold standard for measuring UDV [15, 16]. The
tion studies [12]. The UDV in normal subjects is approxi-UDVDDQ values were significantly smaller than the UDVDIL
values. The largest part of the discrepancy is probably mately 1 to 3% lower than the volume obtained by iso-
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Table 3. Urea distribution volume measurements by [13C]urea isotope dilution in seven male hemodialysis patients
UDVDIL UDVDDQ UDVWAT UDV%BWAge Weight
Patients years kg L
HM 38 72.1 37.3 35.0 42.2 41.8
RK 31 80.0 40.6 35.3 45.1 46.4
JW 48 90.1 46.6 47.4 47.9 52.3
PP 27 64.9 37.6 36.6 40.4 37.6
LS 21 71.3 43.3 34.3 43.5 41.5
KD 65 75.8 37.2 29.5 39.7 44.0
AP 58 74.8 39.3 36.6 41.9 43.4
Mean6SD 41616 76.667.9 40.363.6 36.465.4a 43.062.8a 43.964.6a
Values are mean 6 SD. Measurements of UDV are by urea isotope dilution (DIL), direct dialysate quantitation (DDQ), Watson equations (WAT), and a fixed
percentage of body weight (%BW).
a P , 0.05 vs. UDVDIL
topically labeled water. However, the UDV is considered uses a fixed proportion of postdialysis body weight. In
peritoneal patients, comparable intermethod differencesto be an accurate value of total body water, since the
degree of hydration for individuals may vary from day were observed if anthropometric UDV values were com-
pared with values of total body water determined byto day by approximately 6.5% [12]. It is not clear whether
the indicator plasma concentrations were corrected for deuterium oxide dilution [25]. Distribution of body fat
may be different in hemodialysis patients. A study onplasma water in all of the studies that were included
in the study by Watson et al. Therefore, the Watson body composition in uremic patients using dual-energy
x-ray absorptiometry showed that skinfold anthropome-equations might overestimate true total body water by
maximally 7%. Failure to correct the plasma concentra- try underestimated total body fat and overestimated fat-
free mass in hemodialysis patients, especially in malestions could explain the discrepancy between DVWAT and
UDVDIL. Correction of UDVWAT in our [13C]urea isotope [29]. Thus, a predominant loss of skeletal muscle mass
in hemodialysis patients may also be responsible for thedilution study for plasma water (0.93) decreased mean
UDVWAT from 43.0 to 40.0 L, which is about equal to errors in UDV estimates by anthropometric equations.
Woodrow et al showed that the trunk to limb ratio of fatmean UDVDIL of 40.3 L. A drawback of the present study
is that the patient group for the urea isotope dilution in hemodialysis patients was greater than that in healthy
controls, indicating that a greater proportion of the totalstudy consisted of only seven male dialysis patients. An-
other study in a larger group of patients with sufficient body fat is situated viscerally than subcutaneously in
hemodialysis patients [29]. Furthermore, anthropometricpostdialysis equilibration time is required before definite
conclusions can be drawn about differences between the methods that estimate total body water, which is consid-
ered to equal UDV, assume that the hydration constantUDVDDQ and UDVDIL or between UDVWAT and UDVDIL.
The 20 to 40% overestimation of UDVDDQ by anthro- of fat-free mass is 0.73 and does not change. However,
an interindividual variation in the hydration of fat freepometric methods in our patient group is consistent with
the results from other studies in smaller groups of hemo- mass from 63.5 to 86.9% has been observed in healthy
humans, indicating that the value of 0.73 can at best bedialysis patients [7, 11, 26–28]. Also, the relationship of
UDVDDQ to total body weight in our study (about 43%) a gross approximation and may not apply to dialysis
patients [14, 30]. A disproportional loss of intracellularis comparable with the results of others [11, 26–28]. The
origin of the UDV overestimation by anthropometrics water in critically ill patients, resulting in a progressive
cellular dehydration, has been described [31]. We areand of the large intermethod variation in individual he-
modialysis patients is not completely clear. Hemody- not aware of any studies on the hydration status of fat-
free mass in hemodialysis patients.namic changes induced by hemodialysis may play a role
as discussed previously in this article. Variations in body In our study, PNA was estimated from the rise in plasma
urea concentration during the interdialytic interval andcomposition may also contribute to the variable overesti-
mation. Fat is anhydrous, and a relative large percentage the UDV. In order to estimate the patients DPI from
PNA values accurately, it is essential to obtain a validof body fat might affect estimation of UDV by anthrop-
ometry. In our study, however, anthropometry of all value of the UDV. In our study, all anthropometric PNA
values significantly overestimated actual protein intakepatients to assess UDV from fat free mass did not im-
prove accuracy. The overestimation of UDVDDQ by determined from food records, while PNADDQ values did
not differ from self-reported DPI. Food records can pro-UDVSFT as well as the intermethod variability was com-
parable to that by the Watson equations. We showed vide rather accurate information about protein intake,
provided that patients are carefully instructed and foodthat the individual variation in body fat is partly responsi-
ble for the disparity between DDQ and the method that is recorded for at least seven days [4, 32]. The anthrop-
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postdialysis urea equilibration, the anthropometry-based
PNA values decreased by maximally 2 g/kg/day in males
APPENDIXand maximally 5 g/kg/day in females. PNADDQ values did
not change, and anthropometry-based PNA values still Calculation of the urea kinetic parameters
significantly overestimated PNADDQ as well as DPI. Abbreviations are as follows: U1, U2, U3 plasma water
Frequently, PNA is normalized by a measure of body urea concentration before (1) and after (2) the modeled
weight body that is calculated from the patient’s UDV, dialysis and before (3) the next dialysis (mmol/L); W1,assuming that UDV is a fixed percentage of body weight, W2, W3, body weight before (1) and after (2) the modeledusually 58% [6]. As we have shown in the present study, dialysis and before (3) the next dialysis (kg); TD, TID,UDV is not a fixed percentage of body weight, and it duration of dialysis and interdialytic interval (min); VD,appears to be systematically lower than 58% of body UD, total volume of dialysate (L) and dialysate ureaweight. We addressed this issue in a recent article and concentration (mmol/L); ClU, residual renal clearance ofshowed that normalizing PNA values using normal val- urea (mL/min).
ues of body weight is much more appropriate than using The UDV was determined kinetically by direct dialysis
measures of body weight derived from UDV [33]. quantitation (DDQ) using the equation proposed by Stege-
It should be stressed that the agreement between indi- man et al [7]:
vidual DPI and PNA values, including PNADDQ, was not
very strong (Fig. 4). Therefore, PNA values should be
interpreted with caution in individual hemodialysis pa- UDVDDQ 5
(VD 1 W1 2 W2) 3 UD 2
TD 3 (W3 2 W2) 3 U3
TID
(U1 2 U2) 1 TD 3
(U3 2 U2)
TID
tients. Since there is no gold standard for determining
true DPI, it is not clear whether the variability in in-
termethod differences is due to incorrect food recording
2
TD 3 ClU 3 (U2 1 U3)
2000
2 (W1 2 W2) 3 U1
(U1 2 U2) 1 TD 3
(U3 2 U2)
TID
or due to variation in the PNA [4]. Both explanations
are probably partly true. Since day-to-day variations in
protein intake are substantial, PNA measurements should
The Watson equations were also used to estimate UDV.be repeated several times to estimate protein intake cor-
UDVWAT is calculated from age (A) in years, height (H)rectly [4]. Measuring PNA by DDQ is a cumbersome
in meters, and body weight (W) in kilograms [12]:procedure. We showed that the Watson equations pro-
vide the best anthropometric alternative for estimating
UDV that can be used in the PNA calculations. One
Men: UDVWAT 5 2.447 2 A 3 0.09516 1 H 3 0.1074 1
W2 3 0.3362
Women: UDVWAT 5 22.097 1 H 3 0.1069 1 W2 3 0.2466should realize, however, that PNAWAT overestimated DPI
by about 8 to 12 g/day in our study. Nevertheless, serial
UDV%BW was calculated from a fixed percentage ofPNA measurements based on anthropometric UDV val-
postdialysis body weight [6]:ues can be very helpful to monitor protein intake.
In conclusion, anthropometric equations appear to Men: UDV%BW 5 W2 3 0.58
Women: UDV%BW 5 W2 3 0.55overestimate UDV values in hemodialysis patients. Con-
sequently, PNA values based on anthropometric UDV UDVSFT was calculated from the percentage of total
values overestimate actual protein intake as well. PNA body fat (%TBF) and fat free body mass (FFM) deter-
measurements based on DDQ are more reliable esti- mined by skinfold thickness (SFT) measurements de-
mates of protein intake. In individual hemodialysis pa- scribed by Durnin and Womersley [13] and assuming a
tients, however, PNA measurements should be inter- hydration factor of 0.73 [14]:
preted with caution, as the agreement with directly
FFM 5 W2 2 (W2 3 %TBF) and UDVSFT 5 FFM 3 0.73measured protein intake varied considerably at an indi-
vidual level.
PNA (g/day) was calculated from urea nitrogen ap-
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